49
Introduction control. To further strengthen this finding, we employed a modified Proximity Ligation Assay (PLA)-176 based assay, which combines the Click chemistry-based labeling of nascent forks with EdU and measures 177 the proteins association at nascent DNA (37) . In this assay, U2OS cells were pulsed with 100uM EdU for 178 8 minutes before processing for the Click reaction and PLA (see methods for details). When BMI1 or 179 RNF2 was knocked down, similar increases in the association of RPA at the nascent forks was observed 180 ( Fig 2E) . Biotin-only controls showed equal staining, confirming equal reaction efficiencies and EdU 181 labeling across the samples (S5 Fig). iPOND (isolation of proteins on nascent DNA) also showed 182 increased RPA in RNF2-depleted cells (S6 Fig) . BMI1 or RNF2 expression can be detected in EdU-183 labeled S phase cells ( Fig 2F) , supporting the S-phase dependent roles of these factors.
185
Depletion of BMI1 or RNF2 causes transcription stress at CFSs and transcription-186 replication collisions 187 BMI1 has a role in repressing RNAPII elongation near damaged chromatin such as DSBs (31).
188
We observed that RNF2 also has similar activities, which can be reversed by RNAPII elongation inhibitor 189 DRB (S7 Fig) . These results suggested that BMI1 and RNF2 suppress aberrant RNAPII activities near 190 DNA breaks. Since CFSs are sites of DNA instability prone to breakages, we hypothesized that BMI1 and 191 RNF2 also control RNAPII elongation at these sites. In the cells depleted of RNF2 by siRNA ( Fig 3A) or 192 CRISPR ( Fig 3B) , we observed increased RNAPII occupancy throughout the CFSs tested, as shown using 193 anti-Rpb1 ChIP (P-Ser2; marker of elongating RNAPII). Endpoint PCR analysis showed consistent 194 results (S8 and S9 Figs), and western blot confirms equal immunoprecipitation between the samples (S10 test incidences of TRC when BMI1 or RNF2 was depleted. Since the PLA can detect transient protein 204 associations with high sensitivity, we explored the usage of PLA-based assays for detecting the physical 205 association between the replisome and the largest subunit (Rpb1) of the RNAPII complex. We attempted 206 to use the antibodies against MCM helicase subunits, but we could not detect any PLA signal when 207 combined with several anti-RPB1 antibodies. However, we saw robust PLA signals when antibodies 208 against PCNA and Rpb1 (p-Ser2) were used in BMI1 or RNF2 knockdown cells ( Fig 3D) . There were 209 little signals in control siRNA-transfected cells, nor when either antibody was used alone. Interestingly, 210 when RNAPII inhibitors DRB or alpha-amanitin were treated, the PLA signals were largely absent in the 211 BMI1 or RNF2 knockdown condition ( Fig 3E) , suggesting that increased RNAPII elongation is 212 responsible for the physical coupling between the two complexes. The PLA signals were also observed in 213 T80 RNF KO cells, which were reversed by re-expressing RNF2 wild type ( Fig 3F) . We have extensively 214 tested the authenticity of the PLA signals using other various gene knockdowns; knockdown of TCOF1 215 (nucleolar protein) or RNF20 (induces H2B ubiquitination) did not induce PLA signals. Knockdown of 216 USP16, which deubiquitinates H2AK119-Ub (39), did not induce PLA signal either, possibly suggesting 217 that the fine-tuning (ubiquitination and deubiquitination) of H2A-Ub may not be involved in the 218 repression of TRC.
219
To further strengthen the finding of TRC, we used the modified PLA-based method using EdU 220 labeling of nascent forks to detect the collisions ( Fig 3G) . The association between Rpb1 and EdU is 221 absent in the control cells, but the signals were again significantly induced by knockdown of BMI1 or 222 RNF2, but not by siRNAs targeting other genes ( Fig 3H) . Biotin-biotin antibody pair control showed Fanconi Anemia proteins respond to R-loop-associated transcriptional stress in RNF2-228
deficient cells 229
As collisions of transcription and replication machineries are generally associated with R-loop 230 accumulations (40), we tested whether RNF2 depletion causes an increased R-loop accumulation at the 231 CFSs. R-loops can be detected by measuring the transient accumulation of the catalytically dead 232 RNaseH1 (RNH1), a nuclease that detects and cleaves R-loops (41). Indeed, anti-V5-RNH1 ChIP assays 233 showed that a catalytically inactive RNH1 (D210N) is more enriched at CFSs in the HU-treated cells 234 compared to non-treated control cells (S13 Fig) . Importantly, the mutant RNH1 is significantly more 235 enriched at CFSs in RNF2 KO cells compared to control cells ( Fig 4A) , indicating that R-loops are indeed 236 increased at CFSs in the absence of RNF2. Consistently, ChIP using anti DNA-RNA hybrid antibody 237 (S9.6) showed similar results ( Fig 4B) . A series of reports have suggested that FA proteins engaged in 238 resolving R-loops (see Discussion), and recent reports found that FANCD2 becomes enriched at CFSs 239 when cells were challenged with replication stressors (18, 42) . We thus tested if FANCD2 proteins are 240 differentially enriched at CFSs in WT versus RNF2 KO cells. Anti-FANCD2 ChIP assays showed that 241 FANCD2 is approximately 6 to 8 times more enriched at the tested CFSs in RNF2 KO compared to 242 parental control cells ( Fig 4C) . To investigate in what extent the R-loops contribute to the FANCD2 243 accumulation at CFSs in RNF2 KO cells, we overexpressed RNH1 in the RNF2 KO cells and performed 244 the anti-FANCD2 ChIP assays. We found that overexpressing RNH1 WT, but not RNH1 D210N, largely 245 reduced the FANCD2 enrichment at CFSs in the RNF2 KO cells ( Fig 4D) , suggesting that the FANCD2 246 enrichment at CFSs in RNF2 KO cells are largely due to the increased R-loops. Further, we detected 247 increased FANCD2 foci overlapping with RPA-coated single stranded DNA in RNF2 KO cells by 248 immunofluorescence assay, which was partially reduced by overexpressing RNH1 (Fig 4E) . To test if the 249 increased R-loops are present at the replication forks and they are physically associated with the fork 250 proteins, we immunoprecipitated the R-loops using the S9.6 antibody after crosslinking the cells with 251 formaldehyde. We found that the eluate from RNF2 KO cells contained more fork-associated proteins 252 FANCD2, FANCI, MCM7, and PCNA than the control cells ( Fig 4F) , supporting that the R-loops are 253 increased at the forks in RNF2 KO cells.
254
Consistent with the perceived role of FANCD2 in relieving replication fork stress and mitigating 255 R-loops, depleting FANCD2 with siRNA further increased the γH2AX foci in the RNF2 KO cells (Fig   256   4G ). Depleting FANCI, a protein that forms a heterodimer with FANCD2, also led to similar increase in 257 the γH2AX foci was observed in the KO cells, suggesting that FANCD2 and FANCI may act in a 258 concerted manner. Similar results were obtained with FANCD2 and BMI1 knockdowns together (S14 259 Fig) . The γH2AX-EdU PLA assay consistently showed similar increase when FANCD2 or FANCI are co-260 depleted with RNF2 ( Fig 4H) . These results suggest that FANCD2 and FANCI may act to suppress the R-261 loop-associated instabilities at CFSs in RNF2 or BMI1-depleted cells. Next, we investigated if the 262 increased genomic aberrations correlated with cell death. siRNA-mediated depletion of either FANCD2 263 or FANCI further reduced the viability of the RNF2 KO T80 cells ( Fig 4I) . Altogether, these results
264
suggest that there is an increase in R-loop formation in RNF2 KO cells, and the Fanconi Anemia proteins 265 FANCD2 and FANCI are necessary to prevent the R-loop-associated genomic instability in RNF2 KO 266 cells.
268

Discussion
269
In this study, we provide evidence that Polycomb gene repressors BMI1 and RNF2 have a non-270 canonical role in suppressing transcription-replication collisions and R-loop suppression. We found that 271 BMI1 or RNF2 deficiency causes increased replication stress, fork stalling, and CFS fragility. These 272 phenotypes are associated with increased occupancy of RNAPII at CFSs, and physical collisions between 273 RNAPII and replisome (or nascent forks). Consistent with the increasingly appreciated role of FANCD2 274 in R-loop binding and resolution, FANCD2 occupancy at CFSs is increased in RNF2 KO T80 cells, and is 275 required to suppress genomic instability in RNF2 KO cells. Based on these data, we provide a model that 276 BMI1 or RNF2 deficiency causes R-loop formation and TRCs at CFSs, which can be counteracted by the 277 Fanconi Anemia proteins ( Figure 4J ).
278
The current notion is that transcription and replication occur in spatially and temporally separated 279 domains (8). Whether this coordination is actively enforced by trans-acting factors, especially within 280 CFSs that are prone to transcription stress, remains an important question. One known factor acting on the 281 conflict resolution is RECQL5, a DNA helicase that associates with both RNAPII and PCNA (43-45); of 282 note, RECQL5 depletion leads to uncontrolled elongation of RNAPII, with higher levels of RNAPII 283 pausing and arrest globally at the transcription regions (45). We postulate that BMI1 and RNF2 may 286 depletion causes uncontrolled elongation of RNAPII that could be reversed by DRB ( Figure S7 ). These 287 results collectively suggested to us that RNAPIIs are "unleashed" in the absence of BMI1 or RNF2, 288 causing transcription stress, and posing as hindrance to ongoing replisomes.
289
The genome maintenance role of BMI1 or RNF2 in replication-dependent context was also noted 290 previously; BMI1 knockout MEFs cells show increased chromosome breakages when treated with 291 replication stressors HU or APH (30), and RNF2 promotes replication elongation in pericentromeric 292 region and S phase progression (46). Importantly, a recent work showed that RNF2 modulates the R-loop-293 associated transcription stress, in which overexpressing RNH1 could reverse the replication fork 294 elongation deficiency in RNF2-depleted cells (47). Our findings add important new angles to this finding, 295 by showing that RNF2 or BMI1 deficiency causes increased instabilities and transcription stresses at 296 CFSs, and that the FA proteins act to mitigate the transcription stresses at CFSs. Thus, our work reveals 297 the new cooperative relationship between the Polycomb proteins and the FA proteins in the CFS stability 298 maintenance. RNF2 may act to repress the R-loop formation by inducing H2AK119-ub (47), which may 299 create a state of chromatin where RNAPII progression is not permissive. Alternatively, as our previous 300 work suggested that FACT-dependent RNAPII elongation is aberrantly regulated in BMI1-deficient cells 301 (31), it is similarly possible that BMI1 and RNF2 controls the FACT-dependent RNAPII elongation at 302 CFSs that could "smoothen" or buffer" the RNAPII-dependent transcription.
303
Our PLA analysis for TRC measurements suggest that physical association between RNAPII and 304 replisome can occur. TRCs can occur in the form of head-on (HO)-oriented collisions or co-directional 305 (CD)-oriented collisions. Studies found that genomic regions prone to the HO collisions are associated 306 with R-loops (14, 48) , and that the HO collisions causes activation of the ATR kinase (14). Based on the 307 data that significant R-loop increase is seen in the RNF2-deficient cells, we extrapolate that the RNF2 308 deficiency may cause HO-oriented collisions. It is possible that under replication stress, BMI1 and RNF2 309 act to repress ongoing RNAPII elongation that could otherwise collide with newly initiated forks in HO-310 orientation. Further, treatment of an ATR inhibitor increased the cell death of BMI1 or RNF2 knockdown 311 cells, as measured by sub-G1 apoptosing populations (S15 Fig) . BMI1 depletion was also previously 312 shown to increase the activation of the ATR-CHK1 kinases under replication stress condition (49), which 313 might be relevant to our results.
314
Our work provides a functional link between the Polycomb proteins and the Fanconi Anemia
315
DNA damage response pathway in suppressing genomic instability. Our data suggest that perturbed 316 replication forks observed in BMI1 or RNF2-depleted cells may be at least partially salvaged by 317 FANCD2. It is to be noted that BMI1 or RNF2 depletion still gives rise to replication stress in the 318 presence of FA genes, suggesting that the stress burden may be too severe even with the normal FA gene 319 functions. Our work also provides an example that the FA pathway can be activated by endogenously-320 triggered transcription stress (e.g. RNF2 mutation), in addition to commonly used drugs such as HU or 
332
FANCI is also known to activate dormant origin firing when the forks experience stress (55), therefore it 333 is possible that the role of FANCI in the context of BMI1-RNF2 deficiency is to salvage the stalled forks 334 by activating dormant origins within or nearby CFS. Future studies may provide further insights into the 335 precise role of the FANCD2-FANCI heterodimer in resolving the R-loop-mediated replication stresses.
336
Lastly, BMI1 knockout mice display significant defects in the hematopoietic system and bone marrow 337 development (56, 57), a phenotype reminiscent of the Fanconi Anemia pathway deficiency. Although the 338 phenotype could be majorly contributed by de-repression of BMI1 target genes (e.g. CDK inhibitors), we 339 postulate that increased replication fork stress and CFS instability may also contribute.
340
Altogether, our work suggests that BMI1 and RNF2 bear a critical influence on the integrities of 341 replication fork and CFSs, and emphasizes their tumor suppressive, rather than the often-perceived 
350
U2OS cells stably expressing mCherry-LacI-Fok1 fusion protein that induces a DSB at a single genomic 351 locus is previously described (58). pyCAG_RNaseH1_WT and D210N plasmids were a gift from Dr.
352
Xiang-Dong Fu (Addgene plasmids #111906, # 111904). Hydroxyurea (AC151680050), Aphidicolin
353
(61197-0010) and DRB (NC9855607) were purchased from Fisher Scientific. alpha-amanitin was 354 purchased from Santa Cruz Biotechnology (sc-202440). IdU (I7125) and CldU (C6891) were purchased 355 from Sigma Aldrich. ATR inhibitor (AZ20) was purchased from SelleckChem.
357
RNAi 358 Cells were cultured in medium without antibiotics and transfected once with 20nM siRNA using 359 the RNAiMAX (Invitrogen) reagent following the manufacturer's protocol.
360
The following siRNA sequences were synthesized by QIAGEN: 
379
Immunofluorescence 380
Cells were seeded in 12 well plates onto coverslips, indicated siRNA and damage treatments were 381 applied. Media was removed from the wells, coverslips were washed twice with ice cold PBS and fixed 382 for 10 minutes in the dark with cold 4% paraformaldehyde. The coverslips were washed twice with cold 383 PBS and permeabilized for 5 minutes via incubation with 0.25% Triton and washed twice with cold PBS.
384
Primary antibodies were diluted in PBS (1:300-1:500) and 30ul was applied to each coverslip before 
392
After fixing and permeabilizing (as above), EdU was labeled with Alexa Fluor 488 Azide (Thermo 393 Fisher) by a standard coper-catalyzed click reaction. Cells were co-stained for additional proteins where 394 indicated, following our standard protocol (above). All fluorescence quantification was performed using 395 ImageJ. To measure relative fluorescence intensity (RFI), single cells were manually selected, the 396 integrated density was measured and corrected to account for background in the image. The density 397 measurements were normalized with a value of 10 corresponding to the brightest reading. Pearson's 398 overlap correlations were obtained with the use of the "Colocalization finder" plugin for ImageJ. Full 399 color images were imported into ImageJ and the channels were split into blue, red, and green; the red and 400 green channels were analyzed and the degree of colocalization was determined.
402
Proximity Ligation Assay (PLA) 403
Proximity ligation assays were preformed using the Duolink kit from Sigma Aldrich; cells were 404 grown in a 12 well format on coverslips. Cells were fixed and permeabilized according to the standard 405 immunofluorescence protocol (previously described), primary antibodies were added at a 1:500 dilution 406 in PBS and incubated for 1 hour at room temperature. PLA minus and plus probes were diluted 1:5 in the 407 provided dilution buffer, 30ul of the probe reaction was added to each coverslip and incubated for 1hr at 408 37C; the coverslips were washed twice with buffer A. The provided ligation buffer was diluted 1:5 in 409 water, the ligase was added at a 1:30 dilution; the ligation reaction was left at 37°C for 30 minutes before 410 washing twice with wash buffer A. The provided amplification buffer was diluted 1:5 in water before 411 adding the provided polymerase at a 1:80 ratio, the amplification reaction was left at 37°C for 100 412 minutes, the reaction was quenched by washing twice with buffer B. The coverslips were mounted on 413 slides with DAPI containing mounting medium. For EdU-PLA, cells were seeded glass coverslip and 414 treated with indicated siRNA for 72 hours. Cells were pulsed with 100uM EdU for 8 minutes before 415 fixing with 4% paraformaldehyde for 10 minutes, washed with PBS twice and permeabilized with 0.25%
416
Triton X-100 for 5 minutes. Cells were then washed twice with PBS. Click reaction buffer (2mM copper 417 sulfate, 10uM biotin azide, 100mM sodium ascorbate) was prepared fresh and added to the slides for 1 418 hour at room temperature. Cells were washed three times with PBS. Primary antibodies were diluted in 419 PBS and added to slides for 1 hour at room temperature. Cells were washed with PBS twice. PLA 420 reaction was then carried out as described above.
422
Chromatin Immunoprecipitation 423
Cells were crosslinked with 1.42% formaldehyde for 10 minutes in the dark at room temperature 424 (RT), the crosslinking was quenched by adding 125mM Glycine for 5 minutes in the dark at RT.
425
Crosslinked cells were washed and harvested by scraping. Cells were lysed for 10 minutes on ice with the 426 FA lysis buffer (50mM HEPES, 140mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Sodium 427 Deoxycholate). Lysates were sonicated at 45% amplitude 8 times for 10 seconds each, with 1 minute rest 428 on ice between pulses. Inputs are collected and the lysates were incubated with the indicated antibodies at 429 a 1:200 concentration overnight at 4°C. Protein G agarose beads were added to the lysates for ~3 hrs, 430 beads were washed 3 times with the FA lysis buffer prior to elution. To elute DNA, 400ul of Elution 431 buffer (1% SDS, 100mM Sodium Bicarbonate) was added to the beads, then rotated at RT for 2 hours.
432
The eluate was collected and incubated with RNase A (50ug/ml) for 1 hr at 65°C, followed by proteinase 433 K (250ug/ml) overnight at 65°C. The DNA is purified with the PCR purification Kit (Bioneer) following 434 the manufacture's instructions. For the detection of R-loops, wild type and RNF2 KO T80 cells were 435 transiently transfected with pyCAG_RNaseH1_ D210N plasmids, then cell pellets were harvested in ~36 436 hours, lysed and sonicated as described above. The lysates were subjected to IP with the anti-V5 antibody
437
(1:200 dilution) and processed as described above. For the crosslink-IP for western blot (Figure 4F ), the 438 procedure was the same except that the proteins were eluted by boiling in the SDS buffer. RPA-EdU PLA S9. S10. S11.
S8. S12. Figure S1 . Representative images of U2OS cells stained with 53BP1 and Cyclin A following transfection with indicated siRNAs followed by treatment of 2mM HU for 16 hours. (Quantification is shown in Figure 1A ). Figure S5 . U2OS cells were labeled with EdU and subjected to a Click reaction with azide biotin. The cells were probed with mouse and rabbit biotin antibodies and used for a PLA reaction to determine if the extent of EdU labeling was equal among the conditions. (N=3 biological replicates). These cells were set up simultaneously with sample probed for pRPA32 and EdU (Figure 2E) . Figure S6 . The isolation of protein on nascent DNA (iPOND) assay demonstrates that phosphorylated RPA is enriched at the replication fork in T80 RNF2 KO cells. Where indicated cells were treated with 2mM HU for 16 hrs. Figure S7 . Assays using the pTuner263 transcriptional reporter cell line demonstrates that transcriptional output (measured by YFP-MS2 signal) at double strand breaks (marked by the FOK1 endonuclease) is unregulated in RNF2 and BMI1 knockdown cells. This effect is reversed by treatment with 50uM DRB. Figure S8 . Quantification of end-point band intensity of RNAPII ChIP. T80 wild type and RNF2 KO cells were IP'ed with anti-Rpb1 (P-Ser2) antibody and the bound DNA was amplified with the indicated primers. (N=3 biological replicates). Figure S9 . Quantification of end-point band intensity of RNAPII ChIP. siControl and RNF2-knockdown T80 Cells were IP'ed with anti-Rpb1 (P-Ser2) antibody and the bound DNA was amplified with the indicated primers (N=3 biological replicates; **P <.005, *P <.01). Figure S10 . Western blot confirming that expression and IP of Rpb1 under the ChIP conditions was equal between the T80 WT and RNF2 KO cells. Figure S11 . Quantifications for the end-point band intensity of RNAPII ChIP from T80 wild type and RNF2 KO cells. (Amplification with 3 primer sets within the FRA16D region.) Figure S12 . U2OS cells were labeled with EdU and subjected to the Click reaction with azide biotin. The cells were probed with mouse and rabbit anti-biotin antibodies and used for PLA reactions to determine if the extent of EdU labeling was equal between all conditions. (N=3 biological replicates). These cells were set up simultaneously with sample probed for Rpb1 and EdU ( Figure 3H ). Figure S14. Quantification of γH2AX RFI in T80 cells depleted of BMI1 by siRNA. Where indicated, FANCD2 and FANCI were co-depleted by siRNAs. (N=50 from 3 biological replicates) Figure S15 . DNA content analysis by Flow cytometer shows that the percentage of sub-G1 cells is increased when BMI1 or RNF2 knockdown cells are co-treated with an ATR inhibitor (AZ20; 100nM, 16 hour treatment).
